Abstract. EV battery charging is growing in importance as it has a direct influence on the EV performance. Multistage Constant Current (MCC) charging strategy is an effective rapid charging method. This paper proposes an ECM-PSO algorithm to search for the optimal current pattern of the MCC charging strategy. The MCC charging model is built according to the Li-ion battery equivalent circuit model, and the object function for the ECM-PSO optimization was formulated and the optimal current pattern of the MCC charging method was obtained through the ECM-PSO algorithm. The experimental result shows that the obtained current pattern is capable of charging the batteries to 87.7% of the rated capacity within 36.5 min. Compared with the conventional CC-CV charging method, the proposed charging strategy has a performance improvement of 60.3% in charging time reduction, and the average temperature rise during the proposed MCC charging process is 0.5 ℃ lower than the CC-CV charging method.
Introduction
Electric vehicle (EV) has been the new development point of motor industry because of the advantages of zero pollution and high energy efficiency [1] [2] [3] . Li-ion batteries with high energy density, good cycle-life performance, and low self-discharge rate [4] [5] [6] [7] are getting more widely used in electric vehicles (EVs). However, the Li-ion battery charging strategy has become the bottleneck of their application, due to the slow charging speed and uncertainty effects on battery life. Li-ion battery charging optimization technology has become one of the difficult hotspots [8] .
In [9, 10] the advantages of the multistage constant current (MCC) charging strategy have been confirmed. As illustrated in Fig. 1 , the MCC charging strategy is consisted with several constant current charging stages. The MCC charging scheme relaxes the chemical reaction stress and could get a shorter charge time, which makes it suitable for rapid charging. Many researches have been taken on MCC charging strategy. The effect of different numbers of current stages was tested in [11] , and it is proved that the increasing in charging stages of more than 5 shows almost negligible improvement on the charging time, and the proper current strategy should be 5. In [12] , a Taguchi-based algorithm was used to obtain rapid charge. In [13] , an Ant Colony System algorithm was used to select the optimum charging current among five charging stages, and the charging time was decreased and battery cycle life was extended by 25%. Fig. 1 MCC charging strategy. This paper proposed an ECM-PSO current pattern searching method for the MCC charging strategy. The ECM (equivalent circuit model) of Li-ion battery was researched, the MCC charging model was built according to the ECM and the parameter of the MCC model was identified through battery pulse discharging experiment. The PSO method was applied to search for the optimal current pattern of the MCC charging method.
ECM-PSO based optimal charging strategy search

Battery model.
To optimize the charging current of the MCC charging procedure, an accurate and reliable battery model must be formulated when using model-based method. The ECM approach uses the circuit elements to represent the electrochemical phenomena inside the battery to avoid the lengthy electrochemical process calculation while still capturing the dynamic performance of the battery. , , , and . is the open circuit voltage; is the ohmic resistance; is the polarization resistance and is the polarization capacity. The voltage on and is represented as , the voltage on is and is the battery current.
From the circuit, the following formulations can be obtained:
Object function.
In order to attain the optimized design, a proper optimization problem must be formulated. Here, the main emphasis is to decrease the charging time and charge as much as possible capacity into the battery while improving the cycling life and energy transfer efficiency. To achieve this, the following objective function is defined:
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Where is the normalized charged capacity, which is defined as the percentage of the charged capacity to the rated capacity ; , , and is the weight factor of charging time , battery temperature , normalized charged capacity respectively.
ECM-PSO algorithm.
As an emerging intelligent optimization algorithm, Particle Swarm Optimization (PSO) has been widely researched and applied to tackle optimization algorithm. Compared to other optimization algorithms, PSO algorithm is quite effective because only two model equations are required.
To get the optimized charging current pattern, the battery need to be charged with different current combinations. However, the number of all the possible combinations for different charging current pattern is very big and battery charging experiment is a time-consuming work, which makes it inefficient to test every possible current pattern.
To solve this problem, an ECM-PSO searching algorithm is adopted in this research. The algorithm used ECM to simulate the multistage constant current charging process of the battery and adopted the PSO algorithm to search for the optimal current pattern.
The flow chart of the ECM-PSO algorithm is summarized by the following steps. 1) Particle initialization. The initial charging patterns of each battery for stage 1 are randomly generated.
2) Battery charging simulation. Based on the ECM model, the charging process of each battery is simulated, and the charging time and normalized discharge capacity is obtained. 3) Fitness function evaluation. For each particle, the fitness function is evaluated according to the charging time , battery temperature T and normalized discharge capacity . 4) and calculation. For each particle, compare the fitness value with its value, if the current fitness value is better than , it becomes the new local best value. Identify the particle with the best value to get the global best value . 5) Convergence determination. Compare the average fitness value of current particle swarm with the previous particle swarm, if the difference is less than the threshold value α, the search procedure is terminated.
6) Particle position update. If the termination condition is not achieved, update each particle's position with the data of and . 7) Repeat the steps from 2) to 6) until the best point is found or a fixed number of iterations has been reached.
Results and discussion
After 30 iterations, the difference of the average fitness value between before-and-after experiment is smaller than 0.005, thus the specific termination conditions satisfied the default convergence criteria, and the PSO searching process was terminated. The optimal solution found by the searching algorithm after is [2.00, 1.02, 0.78, 0.61, 0.42] C. The corresponding waveforms of the battery current and the simulated voltage according to this current pattern is plotted in Fig. 3 . Fig. 3 Proposed multistage charging strategy.
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To demonstrate the feasibility of the ECM-PSO algorithm previously discussed, a CC-CV charging of the battery was executed and the voltage and temperature of the battery during the charging process was compared with the charging process with the proposed charging pattern. Fig. 4 shows the comparison of the proposed optimal multistage CC charging strategy with CC-CV charging strategy. From Fig. 4 , it can be seen that the charging time of the proposed charging pattern required can greatly be improved although the charged capacity is lower than that of the CC-CV method. Fig. 4 Comparison of the proposed method and CC-CV method. Table 1 . lists the charging time, charged capacity and average temperature rise obtained using the proposed optimal charging strategy and CC-CV strategy. It can be concluded from the experiment data that, the proposed strategy improved 60.3% of the charging time compared with the CC-CV strategy and the charged capacity of the proposed strategy is 87.7% of the CC-CV method and the average temperature rise during the proposed MCC charging process is 0.5 lower than the CC-CV charging method. Therefore, the proposed MCC charging method is suitable for rapid charging application. Also, the lower temperature rise improves the charging efficiency and extends the battery life.
To verify the improvement of battery life, battery cycling tests were conducted. For the conventional CC-CV charging method, a 2C constant current is applied and for the proposed MCC charging, the obtained optimal current pattern [2.00, 1.02, 0.78, 0.61, 0.42] C is applied. The tests result shows that, the cycling number of the conventional CC-CV charging method is 246 when the capacity of the battery drops to 90% of the original capacity while the cycling number of the proposed MCC charging method is 298, which means the proposed MCC charging method extends 23% of the battery life compared to the conventional CC-CV charging method. 
Conclusion
This paper researched the optimal current pattern searching method for MCC charging strategy. The MCC charging model was built according to the ECM and the parameter of the MCC model was identified through battery pulse discharging experiment. The PSO method was applied to search for the optimal current pattern of the MCC charging method. An optimal charging current pattern has been found through the proposed algorithm and the experimental result shows that the obtained optimal charging pattern can charge the batteries to 87.7% of the rated capacity within 36.5min. A comparison with the CC-CV method is carried out. The experimental result shows that the proposed charging strategy has a performance improvement of 60.3% in charging time reduction, the average temperature rise during the proposed MCC charging process is 0.5 ℃ lower than the CC-CV charging method and the proposed MCC charging method extends 23% of the battery life compared to the conventional CC-CV charging method.
